The structures, spectral characteristics, and bioactivities of 39 natural cassaine-type diterpenoid ester amines and amides (Erythrophleum alkaloids) and 31 synthetic analogues are reviewed. Cassaine-type diterpenoid ester amines and amides, the so called Erythrophleum alkaloids, have the skeleton of cassane-type diterpenoids with a N-containing side chain, and are classified into two groups, ester amines and amides. Cassaine-type diterpenoid ester amines and amides show remarkable inotropic action on the heart, inhibition of Na + /K + -ATPase, cytotoxities, and other major bioactivities. Structural modification of cassaine-type diterpenoid ester amines and amides has been carried out to furnish many derivatives to study the structureactivity relationships.
contains a β-carbomethoxy group on C-4 and no substituent on C-3. The third group contains not only a hydroxy group at C-3 but also a β-carbomethoxy group at C-4, and is exemplified by erythrophlamine. (a) Group I [Cassaine and analogues (Table 1) ]: Cassaidine (2) can convert into cassine (1) by way of bisdehydro-cassaidine. Both bisdehydro-cassaidine and cassaine (1) can be reduced to cassaidine (2) by sodium borohydride (NaBH 4 ) [18] .
(b) Group II [Cassamine and analogues ( Natural cassaine-type diterpenoid amides: Cassainetype diterpenoid amides are built up of a tricyclic cassane-type diterpenoid acid, which is amide bonded to a N-methylaminoethanol (see Table 4 ) [3] . Also the ester amines can rearrange to the relative isomeric amides by contact with alkaline solutions of high pH (see Figure 2 ) [23, 24] .
Spectral characteristics
IR Spectroscopy: Most cassaine-type diterpenoid alkaloids contain a conjugated double bond, so IR absorption at 1640-1645 cm -1 can be observed. The ester amines have a ν max (CHCl 3 ) at 1700-1715 cm -1 for the ester carbonyls and at 1160 cm -1 for the ester C-O stretch, while the amides have a ν max (CHCl 3 ) at 1605-1610 cm -1 for the amide and no intense 1160 cm -1 band [20] .
UV Spectroscopy: The UV spectra of most cassainetype diterpenoid ester amines show absorption at λ max (EtOH) 220-225 nm, and most amides at λ max (EtOH) 210-215 nm [20, 27] .
H NMR Spectroscopy
Cassaine-type diterpenoid ester amines: The three groups of cassaine-type diterpenoid ester amines are characterized by methyl, methoxyl, olefinic proton, and the methylene bonded to the N-atom.
Proton signals of all ester amines are similar: C-10 methyl appears at δ 0.60-1.03, s; C-14 methyl at δ 1.06-1.21, d; N-methyl at δ 2.25-2.47, s; two methylene groups bonded to the O-atom and N-atom at δ 4.15-4.21 and δ 2.55-2.84, respectively; and an olefinic proton at δ 5.70-5.82, s or brs [5, 9, 15, 24] .
The 1 H-NMR spectra of the three major groups of cassaine-type diterpenoid ester amines differ in the proton signals of C-4. In spectra of cassaine and its analogues, the two methyl signals of C-4 are observed at δ 0.85-1.03, while the proton signals of cassamine, erythrophlamine and their analogues containing a C-4β carbomethoxy group appear at δ 1.15-1.44 for C-4 methyl and at δ 3.64-3.72 for methoxyl [5, 9, 15, 24] .
Chemical shifts of the protons are influenced by hydroxyl-bearing substituents. The signal of 3α-H appears as a double doublet (J = 12, 5 Hz) at δ 3.33, when C-3 is linked to either a β-OH or is glycosylated [23] ; it has a downfield shift to δ 4.54-4.70 when 3β-OH is esterified [24] . The 7α-H signal appears as a doublet (J = 8-10 Hz) at δ 3.87-3.95 and the 5α-H signal appears as a singlet at δ 2.28-2.66, if a 7β-hydroxy-6-keto group exists [15, 23] . When 6β, 7β-dihydroxyl occurs, the 6α-H signal appears as a [15] . The 6α-hydroxy-7keto group results in a doublet (J = 12.5 Hz) at δ 4.79 for the 6β-H [15] Cassaine-type diterpenoid amides: The proton chemical shifts of the tricyclic diterpenoid skeleton of amides are in accordance with those of the corresponding ester amines, except that the olefinic proton signals of the amides move downfield to δ 5.85-5.95. The amides differ from the ester amines in the proton signals of the N-containing side chain. The N-CH 3 proton signal appears as a singlet at δ 2.95-3.09; the methylene linked with the N-and O-atoms produce signals at δ 3.3-4.0, overlapped mostly by methoxyl signals at δ 3.64-3.72 [20, 23, 26] . Hydroxyl-bearing substituents affect the proton chemical shifts of the amides in a similar way. The signal of 3α-H appears at δ 4.54-4.70 when the 3β-OH is esterified. If only the 7-keto group exists, the 5α-H signal appears as a double doublet (J = 15, 2.5 Hz) at δ 1.48, and the 6-H signals appear as doublets at δ 2.67 (J = 2.5 Hz) and δ 2.85 (J = 15 Hz) [26] .
C NMR Spectroscopy:
Since most of the cassainetype diterpenoid ester amines and amides were obtained during the 1960s and 1970s, their 13 C-NMR properties have been little studied. However, the following conclusions can be made according to current knowledge. The carbon signals of the C-13-C-15 double bond can be observed at δ 156-165 and δ 112-115. The three downfield carbonyl signals at δ 208-210, δ 167-170 and δ 173-177, together with the upfield methyl signal at δ 50-52, are attributed to, respectively, the carbonyl of the 6-or 7-keto group, the carbonyl of the C-16 ester or amide group, and the carbonyl and methyl of the C-4β carbomethoxy group [23] . 13 C-NMR spectra of ester amines differ from those of amides in signals of two methylene groups and the methyl linked with the N-atom in the N-containing side chain. For ester amines, the methylene signals appear at δ 58-60 and δ 46-48, attributed, respectively, to the methylene groups linked with the O-and N-atoms in the side chain; the signal of the methyl linked with N appears at δ 31-32. For amides, the signal of the C-21 methylene appears at δ 61-62, of the C-22 methylene at δ 51-52, and of the C-23 N-methyl at δ 37-38 (for atom no. see Figure 2 ) [26] .
Mass Spectroscopy: It was found that ester amines and amides are readily distinguished by the intense base peak in their mass spectra. Those of dimethylaminoethanol esters, such as cassaine (1), cassaidine (2), and cassamidine (10), have the most intense peaks arising from the N-containing side chain. The extremely intense ions at m/z 71 and 58 are attributed, respectively, to the fragment CH 2 =CH-N +· (CH 3 ) 2 , formed by McLafferty rearrangement, and to the fragment CH 2 =N + (CH 3 ) 2 , formed by fission of the C-C bond next to the Natom. In the mass spectra of 2-methylaminoethanol esters, such as nor-cassamidine (16) and norerythrostachamine (22), very intense ions at m/z 57, attributed to CH 2 =CH-N +· HCH 3 , and at m/z 44, attributed to CH 2 =N + HCH 3 , can be observed ( Figure 3a ). The spectra of amides, such as nor-cassaidide (24), nor-cassamidide (27) , and norerythrostachamide (31) , are quite distinct from those of the ester amines. The molecular ions become the base peak because the amide bond prevents fission of the side chain
The fragmentation patterns of ester amines and amides are similar. All ester amines have small molecular ions and ions at either M + -88 or M + -74 from loss of the side chain (see Figure 3b ). Cassamine, erythrophlamine and their analogues have M + -59 ions attributed to the loss of C4-COOCH 3 groups, not present in cassaine and its analogues. All amides have the M + -74 ions from loss of the side chain, as well as m/z 44 and 57 ions, attributed to the N-bearing fragment. Amides with a C4-COOCH 3 group [nor-cassamidide (27) and norerythrostachamide (31) ] have M + -59 ions, absent from nor-cassaidide (24) . All ester amines and amides lack ions of major structural significance from the diterpene acid [9, 20, 21] . 
Structural modification of cassaine-type diterpenoid ester amines and amides (Erythrophleum alkaloids)
Many close cassaine-type diterpenoid ester amine and amide (Erythrophleum alkaloids) derivatives are synthesized with various substituent functions and lengths of side chain (Table 5 ). Compounds 51-70 were synthesized as diterpenoid derivatives or androstane derivatives [33] [34] [35] [36] [37] [38] .
Bioactivity
Because the stable pattern of inhibition of the Na + /K + -ATPase by cassaine required concentrations at least 100-fold greater than those that produced positive inotropic effects, it appeared unlikely that the pattern of Na + /K + -ATPase inhibition was involved in the cardiotonic actions of cassaine. At low concentrations, the cardiac glycosides produce a positive inotropic effect without Na + /K + -ATPase inhibition, while the positive inotropic effect produced by high concentrations of the cardiac glycosides correlates well with inhibition of Na + /K + -ATPase. It appears to suggest that ventricular muscle of heart has two classes of digitalis receptors that are responsible for the positive inotropic effect of cardiac glycosides. Low affinity receptors are apparently related to Na + /K + -ATPase. Inhibition of this enzyme efficiently increases the force of myocardial contraction. High affinity receptors have been examined indicating that they do not represent Na + /K + -ATPase [39] [40] [41] [42] . As a result, they are reviewed in two separated sections.
Digitalis-like positive inotropic action on the heart:
Since 1875, it has been known that cassaine-type diterpenoid ester amines and amides (Erythrophleum alkaloids) show remarkable digitalis-like action on the heart. They are used clinically as a cardiotonic [6] .
Cronlund and Sandberg [28] reported on the positive inotropic action on isolated papillary muscles of rabbits of some cassaine-type diterpenoid ester amines and amides and their derivatives. In their test, the concentrations to produce 70 % increase in contraction were 3.1 μM for cassaine (1) (48) , and 12 μM for compound 50. Compound 49 was found to have no effect at a concentration of 50 μM, and 3-(Ochlorobenzoyl)-cassaine (41) exhibited a negative inotropic effect. The analogue 64 proved to be only 0.1 times as active as the natural products [33] .
The introduction of a 3-hydroxyl group into the diterpenoid skeleton produced increases in cardiotonic activity [comparison of cassaine (1) and erythrophlamine (19) with cassamine (8)]. A remarkable increase was obtained by appropriate esterification of the 3-hydroxyl group. The replacement of C-19 methyl with a methoxycarbonyl group increased the cardiotonic activity, while C-19 hydroxylation decreased the activity. The elongation of the aminoethyl side chain decreased the activity. The amides and the acids formed upon hydrolysis of the respective ester amines caused either loss of cardiotonic activity or a negative inotropic action, which was possibly due to lack of the terminal methylamino group [28, 29, 38, 43] .
When tested on spontaneously beating atria, 3βhydroxy-nor-erythrosuamine (32) and 3β-hydroxynor-erythrosuamine-3-O-β-D-glucopyranoside (33) were very active and induced a positive inotropic effect in a concentration range corresponding to that of ouabain. EC 50 values were 0.45 μM for compound 32, 0.65 μM for compound 33, and 0.71 μM for ouabain as control [23] . Glycosidation at the C-3 hydroxyl group had no or little effect on the inotropic action.
However, the duration of the positive inotropic effect produced by cassaine-type diterpenoid ester amines and amides was very short. Cronlund studied the metabolism of cassaidine (2) in Guinea pig and proposed that hydrolysis was responsible for the short duration [44] .
Inhibition of Na + /K + -ATPase activity:
Tobin et al. investigated the interaction of cassaine and Na + /K + -ATPase and drew the conclusion that cassaine inhibited the latter by interacting at the cardiotonic steroid binding sites of Na + /K + -ATPase. The principal difference between the interactions of cassaine and the cardiac glycoside ouabain with Na + /K + -ATPase appeared to be the more rapid association of cassaine from the cardiotonic steroid binding sites of Na + /K + -ATPase. The inhibitory action was poorly reversible and appeared specific for Na + /K + -ATPase [45] [46] [47] .
For Na + /K + -ATPase inhibition of cassaine-type diterpenoid ester amines and amides (Erythrophleum alkaloids), most investigations have concentrated on cassaine (1), with various methods and diverse models. At 10 -4 M concentration, cassaine (1) inhibited Na + /K + -ATPase activity in four tissues, with an average of 86 %. The negative logarithm of IC 50 was 5.28, with 5.96 for ouabain, as positive control [48] . The ED 50 value of cassaine (1) obtained in isolated Guinea-pig atria was 0.09 μM; the ID 50 value resulting from ATPase inhibition experiments was 1.0 μM. Cassaine stimulated the ATPase activity up to 20 % at low concentration. A positive inotropic effect of 80 % can be washed out with a half-life of 2.8 min for cassaine [49] . At a concentration of 10 -4 M, cassaine (1) and nor-cassamidine (16) induced 55.0 % and 41.1 % ATPase inhibition, respectively [50] . The pI 50 of nor-cassamidine (16) to inhibit Na + /K + -ATPase was 5.1 [51] .
In addition, 3β-hydroxy-nor-erythrosuamine (32) and 3β-hydroxy-nor-erythrosuamine-3-O-β-D-glucopyranoside (33) also showed inhibitory activity on Na + /K + -ATPase of bovine heart sarcolemmal vesicles. The concentration-effect curves of the activity of compounds 32 and 33 were parallel to that of ouabain. The IC 50 values were 2 μM for compound 32, 20 μM for compound 33, and 10 μM for ouabain [23] . The result is that glycosidation at the C-3 hydroxyl group decreased the activity of Na + /K + -ATPase inhibition.
The effect of cassaine on ATPase from several species was studied and great variations in the susceptibility to inhibition were observed. These might be a result of the differences in the topography of the K + -center at the surface of the cell membrane of the different species [52] . Inhibition of Na + /K + -ATPase was partially antagonized by K + . K + was capable of reducing both the association and dissociation rate constants for the interaction. IC 50 values of cassaine to inhibit Na + /K + -ATPase in the presence of 3 mM KCl were 0.8 μM, 0.4 μM and 10 μM for enzymes from rat brain, guinea-pig heart and rat heart, respectively. Higher concentrations of K + caused a parallel shift to the right in the concentration-inhibition curves [53] .
Cassaine (1) was also reported to stimulate cyclic AMP accumulation in brain slices. At the concentration of 0.1 mM, cassaine induced 6.2 % accumulation of cyclic AMP [54] . It was concluded that a trend towards significantly increased Na + /K + -ATPase inhibitory activity occurred through introduction of the axial methyl and ethyl groups, with the E side chain configuration more active than the Z. Comparison of the IC 50 of compound 56 with that of the enantiomer 59, as well as that of compound 55 with compound 58, revealed that the analogues with absolute configuration matching that of natural alkaloids were more active. [36] .
From the studies on synthetic tetracyclic analogues, a model for the relative alignment of cassaine at the digitalis receptor was proposed, which bonded both by hydrogen bonds and ionic interactions [34] . The IC 50 value (concentration that inhibits ouabain binding by 50 %) for compound 67 was 0.03 μM, 5.89 μM for compound 68, and 0.12 μM for compound 70. The conformation of compounds 68 and 70 (17α) matched that of the Erythrophleum alkaloid cassaine, while the conformation of compound 67 matched that of digitoxigenin, the aglycone of a cardiac glycoside.
Inhibition of acetylcholinesterase (AChE) activity:
Cassaine (1) In previous paper, we reported the cytotoxicities against a panel of human cancer cell lines [26] . The cell growth was measured with an MTT assay procedure, and the IC 50 values were calculated from the dose-dependent curves of the cells (see Table 6 ). Compounds 26 and 34 showed cytotoxic activities against all the cell lines in our MTT test. The structures of 34 and 35 were similar, except for the substituents at C-3, and compound 35 exhibited weak and selective cytotoxicity. It indicated that the substituents at C-3 might influence the cytotoxic activities.
The single-and two-step stable mutants of HeLa cells were obtained, which were highly resistant to both the cardiac glycoside ouabain (OR) and cassaine (CR) [58] . Assuming the D 10 value for parental HeLa cells to be 1, the relative degrees of resistance of the mutants for cassaine (1) were calculated to be > 10 for SC R -1 and > 50 for ADig R -31 [56] . The OR and CR mutants exhibited identical cross resistance patterns to ouabain and cassaine, and to other cassaine-type diterpenoid ester amines and amides. The concentrations of coumingine (3) that produced half-maximum inhibition, I (max/2), were 0.05 μM for the original ouabain-sensitive (OS) cells and 0.6 μM for OR cells [59, 60] .
Toxicity: Cronlund and Sandberg also reported on the toxicities in Guinea pigs of some cassaine-type diterpenoid ester amines and amides [28] . After injecting the solution of test compounds into the anesthetized animals, they measured LD 50 values (mg/kg) for each alkaloid, which were 2.64 for cassaine (1), 1.73 for cassaidine (2), 1.77 for coumingine (3), 0.94 for coumidine (4), 11.2 for cassamine (9), 3.48 for erythrophlamine (19) , 3.02 for 3-(3-chloropropionyl)-cassaine (44), and 1.04 for 3-(3-hydroxybutyryl)-cassaidine (45) .
Summary
Cassaine-type diterpenoid ester amines and amides (Erythrophleum alkaloids) have caught a lot of attention because of their molecular and biological activity diversity. Thirty-nine natural cassaine-type diterpenoid ester amines and amides have been isolated from the genus Erythrophleum. Many close cassaine-type diterpenoid ester amine and amide derivatives, with various substituent functions and lengths of N-containing side chain, such as epi-cassamine, cassaine 14-demethyl-and 4,14-didemethyl-analogues, and tricyclic and tetracyclic analogues have been obtained.
Inotropic action, Na + /K + -ATPase inhibition, and cytotoxicities have been reported. The concentration range to produce 70 % increase in contraction was 0.4 μM (compound 4) to 13 μM (compound 46). The introduction of a C-3 hydroxyl group, esterification of this, or replacement of the C-19 methyl with a methoxycarbonyl group, can obtain remarkable increases in cardiotonic activity. Hydroxylation of the C-19 methyl or elongation of the side chain can decrease the cardiotonic activity. The range of IC 50 values for some synthetic analogues was from 3.8 μM (compound 56) to 1500 μM (compound 58). The IC 50 values for cytotoxic activities were from 0.42 μM (compound 26 against A549) to 9.96 μM (compound 35 against A2780). Most of the natural cassaine-type diterpenoid ester amines and amides (Erythrophleum alkaloids) and the synthetic analogues showed significant activities for positive inotropic action on the heart, inhibition of Na + /K + -ATPase, inhibition of AChE, and cytotoxicities, which exhibited considerable structure-activity relationships.
